Background: Grhl2 regulates cell-junction gene transcription in several epithelia but has not been fully characterized in lungs. Results: In lung epithelial cells GRHL2 regulates cell-cell interaction genes, collective cell migration, and Nkx2-1 transcription. Conversely, NKX2-1 regulates transcription of Grhl2. Conclusion: A Grhl2-and Nkx2-1-positive transcriptional loop coordinates morphogenesis and differentiation of lung epithelial cells. Significance: This regulatory loop reinforces normal lung epithelial cell identity.
The Grainyhead family of transcription factors controls morphogenesis and differentiation of epithelial cell layers in multicellular organisms by regulating cell junction-and proliferation-related genes. Grainyhead-like 2 (Grhl2) is expressed in developing mouse lung epithelium and is required for normal lung organogenesis. The specific epithelial cells expressing Grhl2 and the genes regulated by Grhl2 in normal lungs are mostly unknown. In these studies we identified the NK2-homeobox 1 transcription factor (Nkx2-1) as a direct transcriptional target of Grhl2. By binding and transcriptional assays and by confocal microscopy we showed that these two transcription factors form a positive feedback loop in vivo and in cell lines and are co-expressed in lung bronchiolar and alveolar type II cells. The morphological changes observed in flattening lung alveolar type II cells in culture are associated with down-regulation of Grhl2 and Nkx2-1. Reduction of Grhl2 in lung epithelial cell lines results in lower expression levels of Nkx2-1 and of known Grhl2 target genes. By microarray analysis we identified that in addition to Cadherin1 and Claudin4, Grhl2 regulates other cell interaction genes such as semaphorins and their receptors, which also play a functional role in developing lung epithelium. Impaired collective cell migration observed in Grhl2 knockdown cell monolayers is associated with reduced expression of these genes and may contribute to the altered epithelial phenotype reported in Grhl2 mutant mice. Thus, Grhl2 functions at the nexus of a novel regulatory network, connecting lung epithelial cell identity, migration, and cell-cell interactions.
During lung organogenesis, the progenitor cell layer lining the developing airways maintains its epithelial characteristics while proliferating and differentiating into multiple cell types to form a functional lung (1) . Genes that establish and maintain cell polarity and cell junctions must be coordinately regulated with cell-specific differentiation programs to generate multiple lung epithelial cell types (2) (3) (4) .
In Drosophila, the CP2 family transcription factor Grainyhead (Grh) contributes to tracheal organogenesis by regulating the size of the apical membrane and morphogenesis of tracheal epithelial cells (5) . In vertebrates, three homologs of Grh, Grainyhead like-1, -2, and -3 (Grhl1, Grhl2, and Grhl3), share high similarity in their DNA binding sequence and in the carboxyl terminal dimerization region but display a different pattern of expression in the lung and other epithelial tissues (6) . Previous in situ hybridization analyses indicate that Grhl2 is the only family member that is highly expressed in distal lung epithelium throughout development, although the particular cells expressing Grhl2 have not been identified nor has its functional role in lung epithelium. Grhl1 and Grhl3, in contrast, are expressed in proximal lung epithelium until E15.5, but later their expression is reduced in bronchi/bronchioles and is undetectable in the alveolar lung epithelium (6) .
Grhls seem to have conserved functions controlling cell shape, cell growth, cell proliferation, and cell fate (7) (8) (9) (10) (11) (12) (13) (14) . They maintain epithelial cell characteristics by regulating cell-cell junction genes including the desmosomal cadherin Desmoglein-1 (Dsg1) by Grhl1 and Claudin1 (Cldn1) and Occludin (Ocdn) by Grhl3. Recently, E-cadherin (Cdh1) and Cldn4 were identified as direct transcriptional targets of Grhl2. Grhl2 null mutant mice die by embryonic day E11.5 (15) due to defects in neural tube closure and defective apical junction complex composition in epithelial tissues. Expression patterns of Cdh1 and Cldn4 were drastically reduced in foregut endoderm and otic epithelium as well as in the surface ectoderm, indicating that apical junction genes are regulated in vivo by Grhl2. Due to the early lethality of Grhl2 null mutants, studies at later stages of development were not possible. Similarly, N-ethyl-N-nitrosourea (ENU) 4 -generated Grhl2 mutant mice die by E12.5 due to defects in neural tube closure and heart development (16) . Apical junction gene expression in epithelial organs was also reduced. A few embryos that survived to E18.5 had smaller lungs, disorganized epithelial apical junctions, and collapsed alveolar sacs, suggesting a functional role for Grhl2 in lung development and regulation of lung epithelial genes.
Herein we identify genes regulated by Grhl2 in lung epithelial cells and provide evidence for a novel positive transcriptional feedback loop between Grhl2 and the homeobox transcription factor Nkx2-1 in embryonic lung. The critical role of Nkx2-1 in regulating epithelial cell proliferation and differentiation and of Grhl2 in regulating cell-cell interactions and epithelial structure suggest that the Grhl2-Nkx2-1-positive feedback loop may serve to differentiate and reinforce distal lung epithelial phenotypes.
EXPERIMENTAL PROCEDURES
Cell Lines and Tissues-E10 is a spontaneously immortalized adult mouse lung epithelial cell line (17) provided by Dr. A. Malkinson (University of Colorado) and Dr. R. J. Ruch (University of Toledo). MLE15 (18) is an adult mouse lung epithelial cell line provided by Dr. J. A. Whitsett (Cincinnati Children's Hospital Medical Center). Cells were cultured in conditions described previously (19) . Lung tissues used in chromatin immunoprecipitation analysis and immunohistochemistry were dissected from CD1 mice (Charles River Laboratories). All experiments were performed according to protocols approved by the Institutional Animal Care and Use Committee at Boston University Medical Center in accordance with National Institute of Health guidelines.
Isolation and Culture of Murine Alveolar Type II Cells-Cells were isolated from SFTPC-Gfp mice provided by Dr. J. K. Heath (University of Birmingham, Birmingham, UK) (20) using a previously described method (21) with some modifications. SFTPC-Gfp mice were anesthetized, and tracheae were exposed and cannulated with a 20-gauge luer stub adapter. Lungs were perfused with 10 ml of 1ϫ Phosphate Buffered Saline (PBS) via the pulmonary artery, and 1-2 ml of dispase (2.4 units/ml, Roche Diagnostics, #14435800) was rapidly instilled through the tracheal cannula followed by 0.5 ml of low-melting agarose solution warmed at 55°C. Lungs were immediately covered with ice for 2 min to gel the agarose, removed from the animals, and then incubated in dispase II/collagenase A (Roche Diagnostics) (2.4 units/ml/0.1%) solution for 45 min at 37°C. After this incubation, lung tissues were treated with DNase 1 (0.025 mg/ml, Qiagen) on ice for 5 min. Cells in suspension were then filtered through a 100-m filter and centrifuged at 800 rpm for 6 min at 4°C. Cells were resuspended with 1 ml of RBC lysis buffer (Invitrogen) for 90 s before adding DMEM (Invitrogen) without serum (6 ml for each lung). FBS (Invitrogen) (0.5 ml) was added to the bottom of the tube, and cells were centrifuged at 800 rpm for 5 min at 4°C. The pellet was resuspended in PF10 (PBS supplemented with 10% FBS), and cells were filtered just before sorting in a MoFlow instrument (Dako Cytomation) at the Boston University School of Medicine flow cytometry core. Cells with high GFP and high side-scatter signals were either collected in RLT buffer (RNAeasy kit, Qiagen) for RNA isolation or in DMEM medium supplemented with 20% FBS for culturing on fibronectincoated or plain 24-well culture plates (Corning).
RNA Purification and Real Time RT (qRT)-PCR-Total RNA was isolated from mouse lung tissue, sorted cells, and cell lines using the RNAeasy kit (Qiagen) and treated with DNase1 (Qiagen). Isolated RNA was reverse-transcribed (RT) using TaqMan Reverse Transcription Reagents (Applied Biosystems) following the manufacturer's protocols. The StepOnePlus system (Applied Biosystems) and commercially available TaqMan gene expression assays (Applied Biosystems) were used for qRT-PCR analyses (supplemental Table S1 ). Reactions were performed with TaqMan PCR master mix or Fast TaqMan PCR master mix (Applied Biosystems). Relative expression levels normalized to Gapdh were determined using the comparative 2 Ϫ⌬⌬CT method. Plasmid Construction-Full-length Grhl2 cDNA was subcloned from the pGADT7-HA-Grhl2 vector provided by Dr. Bogi Andersen (University of California, Irvine, CA). Briefly, the Grhl2 cDNA was amplified by PCR using primers 5Ј-CAA GCG GCC GCC ATG TCA CAA GAG TCG GAC-3Ј and 5ЈCGC TGA TGG AGA TCT GAG GAT CCA TTC-3Ј that contain Not1 and BamH1 adaptors, respectively. This fragment was inserted in place of the dsRed gene in the dual promoterreporter lentiviral plasmid, pCMV-dsred-UBC-Gfp (22) , to generate pCMV-Grhl2-UBC-Gfp. The construct was verified by restriction enzyme digestion and by sequencing. This Grhl2 vector was used in overexpression experiments in MLE15 cells. The genomic DNA fragment containing the 5Ј end region of the mouse Nkx2-1 gene (Ϫ339 to Ϫ2230 bp from the second ATG site) (supplemental Fig. S1 ) was generated by PCR using genomic DNA from mouse 129/Ola ES cells, cloned into the pCR-BluntII-TOPO shuttle plasmid, and then subcloned into KpnI and HindIII sites of pGL3 basic vector (Promega). The Ϫ350-bp fragment of the Nkx2-1 proximal promoter (Ϫ3 to Ϫ352 bp from the second ATG site) was generated by PCR and cloned in the pGL3 basic vector (Promega) (supplemental Fig.  S1 ). The constructs were verified by sequencing and were identified as Ϫ2kbNkx2-1Luc and Ϫ0.35kbNkx2-1Luc. Two fragments in the first intron of the Grhl2 gene that bind NKX2-1 protein (region H (high binding) and region L (low binding) (Fig. 6A) ) were amplified by PCR from genomic DNA, cloned in pGEM T vector (Promega), and subcloned in the Kpn1 and SacI sites 5Ј to the Sv40 promoter in the pGL3 promoter vector (Promega) (supplemental Fig. S1 ). The constructs were verified by sequencing and identified as H-Grhl2 Sv40Luc and L-Grhl2 SVv40Luc.
Lentivirus Production and Transduction-To knock down Grhl2 gene expression, a replication incompetent, vesicular stomatitis virus G-pseudotyped lentiviral vector that contained a Gfp tracking reporter gene along with either a non-targeting control shRNA (RHS4346) or the shRNA targeting Grhl2 (V2LMM_20130) was employed (Open Biosystems). Lentiviruses were packaged and concentrated as described previously (19) . MLE15 cell infections with lentiviral vectors were performed for 16 h in the presence of Polybrene (5 g/ml) at a multiplicity of infection of 50. Stable cell lines were generated by puromycin dihydrochloride (5 g/ml, Sigma) selection for 6 days. Cells were harvested after selection and analyzed for transduction efficiency and viability by flow cytometry analysis of GFP expression and exclusion of propidium iodide. Knockdown of Grhl2 in the infected population was quantified at the mRNA level by qRT-PCR and at the protein level by immunostaining and Western blot analyses. Similarly, Grhl2 was overexpressed in E10 cells by transduction of packaged bicistronic construct pCMV-Grhl2-UBC-Gfp, and cell morphology was compared with the cells transfected with pCMV-dsred-UBC-Gfp. Nkx2-1 gene expression knockdown was performed as described previously (19) using a mixture of three lentiviral clones (TRCN0000020449, TRCN0000020450, and TRCN0000086264 Open Biosystems) targeting Nkx2-1 mRNA of mouse, rat, and human origin.
Chromatin Immunoprecipitation Assays (ChIP)-PCRMouse lung buds (5-7 per reaction) were dissected from E11.5 day embryos and fixed in 1% formaldehyde in 1ϫ PBS at room temperature for 15 min as described previously (23) . Samples were sonicated using a Branson 450 dismembrator to achieve a chromatin fragment size of 500 -2000 bp. To immunoprecipitate chromatin fragments, we incubated the samples (equal amount of DNA) at 4°C overnight with rabbit GRHL2 (HPA00482, Sigma) or rabbit NKX2-1 (07-601, Millipore-Upstate) antibodies. Control experiments were performed with the corresponding IgG isotype (Santa Cruz Biotechnology) to determine nonspecific binding. Pre-absorbed protein A/G beads (Santa Cruz Biotechnology) were used to immunoprecipitate chromatin-antibody complexes. Equal volumes of immunoprecipitated DNA solution, 10% of the input DNA fragments, and genomic DNA were amplified by PCR using oligonucleotides spanning 228 bp of the proximal promoter of Nkx2-1 (sense primer, 5Ј-GCA CAC TCT TTT GGT GGT GA-3Ј; antisense primer, 5Ј-GCA ACC AAC TTG GGG AGT TA-3Ј) and 224 bp of the Grhl2 first intron (sense primer, 5Ј-GGG TTA CGT GGC TGC TTC A-3Ј; antisense primer, 5Ј-CGT CAG GTT GCT AAG GGC A-3Ј). Binding of GRHL2 to the Cldn4 promoter and to the Cdh1 enhancer region was also determined with samples immunoprecipitated using the rabbit GRHL2 antibody and quantified by qPCR on StepOnePlus equipment using oligonucleotides (IDT) previously described (15) . Data were normalized to the input and compared with IgG control.
Electrophoretic Mobility Shift Assays (EMSA)-The DNA probes (supplemental Fig. S1 ) were annealed as described previously (24) and labeled with the Biotin 3Ј End DNA labeling kit (Thermo Scientific). The assay was carried out using the Thermo Light Shift Chemiluminescent EMSA kit (Thermo Scientific). Samples were run in 5% TBE acrylamide gels (Bio-Rad) and detected using the Chemiluminescent Nucleic Acid Detection Module (Thermo Scientific). MLE15 cells nuclear proteins were extracted as described previously (24) . 10 g of protein was used per reaction. All binding reactions were carried out at room temperature. For competition experiments, unlabeled oligonucleotides (100-fold) were incubated with proteins for 10 min before the addition of the labeled oligonucleotide. For super shift analysis, samples were preincubated with 5 l of NKX2-1 antibody (ab76013, Abcam), GRHL2 antibody (HPA004820, Sigma), or nonspecific rabbit IgG (Santa Cruz, sc-2027).
Immunocytochemistry-MLE15 cells were grown in conditions described previously on glass coverslips to reach 70 -80% confluence, fixed with 4% formaldehyde in 1ϫ PBS, and processed for immunostaining. For GRHL2 nuclear staining, MLE15 cells were treated with 0.01% Triton X-100 (Fisher) in 1ϫ PBS, blocked with 1ϫ PBS containing 2% FBS for 30 min, and incubated overnight at 4°C with rabbit GRHL2 antibody (HPA00482, Sigma; 1:500 dilution). After three washes with 1ϫ PBS, cells were incubated with secondary anti-rabbit FITCconjugated antibody (Invitrogen, 1:2000 dilution) for 1 h at room temperature. Images were taken on a Leica inverted microscope or on a Leitz Aristoplan microscope. For phalloidin staining, cells were processed in a similar fashion and stained with Alexa Fluor 594 Phalloidin (Invitrogen) according to the manufacturer's protocol. Confocal imaging was performed using a Zeiss 710 microscope. Images were processed using Metamorph microscopy image analysis software to generate maximum projection image and orthogonal images of MLE15 stained with phalloidin.
Immunohistochemistry-E9.5 whole embryos as well as E15.5, E18.5, and adult dissected lungs were fixed in freshly prepared 4% paraformaldehyde in 1ϫ PBS, pH 7.4, at 4°C for 16 h. These samples were embedded in paraffin following standard processing with ethanol dehydration as described previously (25) . Sections (6 m) of these tissues were deparaffinized and hydrated by standard methods. Antigen retrieval was performed using an Antigen Unmasking solution (Vector Laboratories, Inc.). Endogenous peroxidase was quenched with 3% H 2 O 2 in methanol for 15 min. Blocking was performed with 2% normal goat serum in 1ϫ PBS for 1 h at room temperature. The tissues were incubated with monoclonal rabbit NKX2-1 antibody (ab76013, Abcam, 1:500 dilution) for 16 h at 4°C or rabbit GRHL2 antibody (HPA00482, Sigma, 1:250 dilution) in 1ϫ PBS ϩ 0.2% Triton X-100 (PBST) and washed with 1ϫ PBS (5 min, twice). Antibody binding was detected with the Vectastain Elite ABC kit (Vector Laboratories) that includes incubation with biotinylated tyramide signal amplification (TSA) reagent (PerkinElmer Life Sciences) and diaminobenzidine as substrate. Images were taken using a Leitz Aristoplan microscope.
For GRHL2 immunofluorescence analyses and double staining for NKX2-1 and CDH1, 6-m tissue sections were depariffinized at 60°C for 1 h and hydrated by incubation in HistoChoice Clearing Agent (Sigma) for 6 min followed by incubations in progressive ethanol dilutions as previously described. Antigen retrieval was performed in antigen unmasking solution (Vector Laboratories) and heating in a microwave (8 min on high power and 17 min on low power). The slides were then cooled down to room temperature for 1 h. Permeabilization was performed by incubation in 1ϫ TN buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl) containing 0.5% Triton X-100 at room temperature for 1 h, blocked in 3% BSA in 1ϫ TN containing 0.5% Tween 20 at room temperature for 1 h, incubated with GRHL2 antibody (HPA00482, Sigma, 1:350) or monoclonal NKX2-1 antibody (Seven Hills, 8G7G3-1, 1:350) or CDH1 antibody (BD Biosciences, 610182, 1:500) in 1ϫ TNT (1ϫ PBS containing 5% goat serum, 0.2% BSA, and 0.05% Tween 20) at 4°C overnight, washed in 1ϫ TNT for 5 min, and then exposed to Alexa Fluor-labeled antibodies. We used Alexa Fluor 488 goat anti-rabbit IgG (HϩL) (A11008, Invitrogen, Transient Co-transfection and Luciferase Assays-These assays were performed in MLE15 cells as described previously (19) . Cells were co-transfected with empty pGL3 vector, Ϫ0.35kbNkx2-1Luc or Ϫ2kbNkx2-1Luc and pCMV-dsred-UBC-Gfp or pCMV-Grhl2-UBC-Gfp by the DEAE-dextran/ chloroquine method (24) . pGL3 promoter vector Sv40Luc, H-Sv40Luc, or L-Sv40Luc were co-transfected with pCMV empty vector or pCMV-Nkx2-1 expression construct provided by Dr. Roberto Di Lauro (Stazione Zoologica A. Dohrn, Napoli, Italy). In all experiments renilla luciferase was used to normalize for transfection efficiency. Firefly and renilla luciferase activities were measured after 48 h with the dual luciferase system (Promega).
Gene Array Experiments-All procedures were performed at Boston University Microarray Resource Facility following protocols described in the GeneChip Whole Transcript (WT) Sense Target Labeling Assay Manual (Affymetrix). Samples were analyzed on the GeneChip Mouse Gene Array 1.0ST (Affymetrix). Data were analyzed using the Robust Multi-Array Analysis (RMA) algorithm (26, 27) . Differential expression between experimental and control samples was examined using Welch's t test and a false discovery rate (FDR) correction (28) . Genes with a p Յ 0.02 and an FDR adjusted p value Ͻ 0.3 were considered to be differentially expressed. Data have been deposited in the GEO repository, accession number GSE 40729.
RESULTS

NKX2-1 and GRHL2 Protein Expression Patterns Overlap in
Developing Lung Epithelium-We characterized the expression pattern of GRHL2 protein by immunohistochemistry and immunofluorescence at different stages of lung development.
GRHL2 protein was detected in the lung epithelium at E9.5 and E15.5 and in bronchiolar and alveolar epithelial cells at E18.5 and adult in a pattern similar to the expression pattern of the message RNA (6) and of its target Cdh1 (Fig. 1, A-I ). To evaluate whether GRHL2 protein expressed in the lung epithelium binds in vivo to the same targets identified in a kidney cell line (15), we performed ChIP-PCR analyses using E11.5 mouse lungs. GRHL2 binds to the proximal promoter region (Ϫ0.1 kb) of Cldn4 but not to the intronic region (ϩ2.8 kb) (Fig. 1J) and to the intronic region (ϩ7.8 kb) of the Cdh1 gene but not to the proximal promoter region (Ϫ2.6 kb) (Fig. 1K) . We compared the patterns of expression of GRHL2 and the essential lung transcription factor NKX2-1. At E9.5, when mouse lung morphogenesis begins, GRHL2 has a wider field of expression than NKX2-1. Although the expression of both proteins overlaps in the forming lung buds, GRHL2 can be detected in the dorsal and ventral esophagus cells, whereas NKX2-1 is only detected in the ventral cells (Fig. 2, A-F) . By immunofluorescence and confocal microscopy, we found considerable overlap in the expression of GRHL2 and NKX2-1 in E15.5 (Fig. 2, G-I ) and adult lungs (Fig. 2, J-L) . Similar expression patterns were also detected in primary lung epithelial cells. Surfactant protein C-Gfp (SFTPC-Gfp) mouse lungs (20) (Fig. 3A) have been used previously to isolate by fluorescence-activated flow cytometry enriched populations of alveolar type II epithelial cells. Using this method, we obtained from total lung cell suspensions ϳ5% high fluorescence-intensity cells (Fig. 3B) . GFP-positive cells have higher expression levels of Nkx2-1 and Grhl2 than GFPnegative cells, as determined by qRT-PCR (Fig. 3C ). Other markers of epithelial type II cells, such as Sftpc and Cdh1, were detected at higher levels in GFP-positive cells, whereas levels of markers of alveolar type I cells (Podoplanin (Pdpn), also known as T1␣), mesenchymal cells (Cadherin2 (Cdh2), Vimentin (Vim), ␣-smooth muscle actin-2 (Acta2)) and of macrophages (macrophage receptor with collagenous structure (Marco)) were low.
Grhl2 Regulates NKX2-1in Lung Epithelial Cells-To analyze the regulatory network of the Grhl2 gene, we used two mouse lung epithelial cell lines. MLE15 are cuboidal cells expressing several alveolar epithelial type II cell-specific genes, like Sftpb and Nkx2-1, whereas E10 are squamous cells expressing alveolar epithelial type I genes like Pdpn and Caveolin1 (Cav1). The mRNA expression levels of Grhl2, Cdh1, Cldn4, and Ocdn in MLE15 are 2-3 orders of magnitude higher than the levels in E10 cells (Fig. 4A) . Immunostaining results corroborated the high expression level of GRHL2 protein in MLE15 compared with E10 cells (Fig. 4, B-E) . MLE15 cells express high levels of Grhl2, whereas Grhl1 and Grhl3 are low or undetected by qRT-PCR (data not shown), making this cell system attractive for studying genes regulated only by Grhl2. We infected MLE15 cells with Grhl2-shRNA lentivirus. Reduction of Grhl2 mRNA by Ͼ80% (Fig. 4F ) results in 69 Ϯ 12% lower GRHL2 protein levels determined by Western blot and immunofluorescence (Fig. 4, G-I) . Grhl2 target genes are also down-regulated (Fig.  4J) . Nkx2-1 mRNA and its downstream target, surfactant protein B (Sftpb) (Fig. 5A) , were significantly reduced. To determine whether Nkx2-1 is a direct target of GRHL2 in vivo, we performed ChIP with E11.5 lungs (Fig. 5B) . A GRHL2 antibody was used to immunoprecipitate chromatin fragments bound by GRHL2. Immunoprecipitated DNA fragments were amplified with specific primers for an Nkx2-1 regulatory region. A higher signal of the PCR product in GRHL2 over isotype control indicates that GRHL2 binds specifically to the Nkx2-1 promoter in lung epithelium at E11.5. We also performed EMSAs to further characterize binding of GRHL2 to three regions containing putative GRHL2 binding sites. These sites were selected based on the conserved sequence of Grhl family member binding sites in mammals and other organisms (supplemental Fig. S1 ). Three regions were tested (Fig. 5C ), P1 located Ϫ2230 bp from the second ATG (ϩ1) and upstream of the first ATG (at Ϫ1842 bp), P2 located Ϫ328 bp from the second ATG (ϩ1), and P3. P1 forms a complex with MLE15 nuclear proteins under the conditions tested (Fig. 5D ). This complex can be competed by a 100-fold excess of unlabeled oligonucleotide. The addition of GRHL2 antibody but not of IgG interferes with complex formation, indicating specific binding of GRHL2 protein. No DNAprotein complexes were detected with P2 and P3. To determine the transcriptional response of these two Nkx2-1 promoter regions to GRHL2 overexpression, we co-transfected luciferase constructs containing Ϫ0.35 or Ϫ2 kb of the Nkx2-1 5Ј-flanking region with a Grhl2 expression vector (CMV-Grhl2-UBC-Gfp) into MLE15 cells (Fig. 5E) . A 14-fold increase in the level of luciferase activity with the 2-kb fragment containing the P1 region supports a direct role of GRHL2 in regulation of Nkx2-1.
NKX2-1 Regulates Grhl2 in Lung Epithelial
Cells-In a previous study we analyzed direct transcriptional targets of NKX2-1 in developing lung by ChiP-on-chip (23) . In that analysis we observed that NKX2-1 binds to a DNA region within the first intron of the Grhl2 gene (Fig. 6A) , suggesting a regulatory loop between Nkx2-1 and Grhl2. To test this hypothesis, we investigated whether Nkx2-1 directly regulates Grhl2 in lung epithelial cells. Nkx2-1 mRNA was reduced in MLE15 cells by transduction of Nkx2-1 shRNA lentivirus (19) (Fig. 6B) . Levels of Grhl2 mRNA expression and of one of its regulated genes, the telomerase reverse transcriptase gene (Tert) were reduced by ϳ50 and ϳ70%, respectively. Reduction of Nkx2-1 mRNA results in changes in cell phenotype as cells tend to move apart, reducing the appearance of cell clusters (supplemental Fig. S2 ). To confirm whether Grhl2 is a direct target of NKX2-1 in vivo, we performed ChIP with E11.5 lungs (Fig. 6C) . A NKX2-1 antibody was used to immunoprecipitate chromatin fragments bound by NKX2-1. Immunoprecipitated DNA fragments were amplified with specific primers spanning Grhl2 regulatory regions. A higher signal of the PCR product in NKX2-1 over isotype control indicates that NKX2-1 binds specifically to the Grhl2 intronic region in lung epithelium at E11.5. We also performed EMSAs to further characterize binding of NKX2-1 to three regions of the Grhl2 intron containing putative NKX2-1 binding sites. These sites were selected based on the conserved core sequence of NKX2-1 (CTTG/CAAG) binding site (supplemental Fig. S1 ). Three regions were tested, H1 and H2, corresponding to peak H highly bound by NKX2-1, and L1, corresponding to peak L weakly bound by NKX2-1 (Fig. 6, A and D) . Two probes (H1 and L1) form complexes with MLE15 nuclear proteins under the conditions tested (Fig. 6E) . These complexes can be competed by a 100-fold excess of unlabeled oligonucleotide. The addition of NKX2-1 antibody but not of IgG reduces the mobility of the complexes, super-shifting the bands and indicating specific binding of NKX2-1 protein. No DNA-protein complexes were detected with H2. To determine the transcriptional response of these two Grhl2 intronic regions to Nkx2-1 overexpression, we co-transfected Sv40 promoterpGL3 luciferase constructs (Sv40Luc) containing fragments H or L of the Grhl2 intron 5Ј upstream of the Sv40 minimal promoter with an Nkx2-1 expression vector (pCMV-Nkx2-1) into MLE15 cells. A 4-fold increase in the level of luciferase activity with the H fragment supports a direct role of Nkx2-1 in regulation of Grhl2 (Fig. 6F) . Fragment L, although bound by NKX2-1, does not increase the luciferase activity in response to Nkx2-1 overexpression.
Grhl2 and Its Known Targets Are Down-regulated When Isolated Type II Cells Flatten in
Culture-Isolated lung alveolar type II cells cultured on fibronectin-coated dishes are an ex vivo model that mimics many of the plasticity features associated with the transition from a type II alveolar epithelial cell phenotype into a type I-like phenotype. These features include changes in cell morphology, from cuboidal to flat, a decrease in expression of well characterized type II markers, and an increase in expression of the type I cell alveolar epithelial markers (19, 29, 30) .
GFP-positive cells isolated by cell sorting from SFTPC-Gfp adult mouse lungs were cultured on fibronectin-coated plates for 7 days (Fig. 7A) . We observed down-regulation of the type II markers Sftpc and Nkx2-1 and up-regulation of the type I cell marker Pdpn (Fig. 7B) . The expression level of Grhl2 was substantially down-regulated, and its downstream target Cdh1 was down-regulated 3.2-fold. This suggested either a functional role for Grhl2 in maintaining the cuboidal cell shape of type II epithelial cells or conversely that a change in cell shape regulates the expression of Grhl2.
Grhl2 Regulates Lung Epithelial Cell Shape, Migration, and Expression Levels of Cell-Cell Interaction Genes-We further evaluated whether changes in Grhl2 levels were a cause or an effect of the alteration in epithelial cell shape using MLE15 and E10 cell lines (19) . To determine the effect of Grhl2 on the regulation of genes involved in cell shape, we used MLE15 cells infected with lentivirus expressing Grhl2-shRNA or a non-si- lencing shRNA and investigated the change in cell morphology and in expression patterns of selected cell junction genes. Reduced levels of Grhl2 relaxed the cuboidal morphology of MLE15 cells into an expanded cell phenotype and reorganize F-actin in the apical and basal sides of the cells (Fig. 8, A-D) , suggesting that GRHL2 may directly or indirectly regulate cellcell interaction and cytoskeletal genes or their arrangement. Confocal x-z orthogonal images of phalloidin-stained cells (Fig.  8, E and F) showed a drastic reorganization of F-actin, leading to relaxation of the cuboidal shape. Conversely, mis-expression of CMV-Grhl2-UBC-Gfp in E10 cells (supplemental Fig. S3 ) changes the squamous and elongated phenotype of E10 cells into a cuboidal phenotype favoring formation of small cell clusters. We tested the effect of reduced Grhl2 levels on the migratory behavior of MLE15 cell monolayers upon induced injury. Scratch assays of confluent and serum-starved MLE15 cells infected with non-silencing control or Grhl2-shRNA showed that lower levels of Grhl2 alter migration patterns, particularly the collective migration of the epithelial layer, as cells detach from each other and move in smaller clusters (Fig. 9, A-D) . Scratch healing analysis using Tscratch software indicated that cells with reduced levels of Grhl2 closed ϳ30% more of the wound than control cells (Fig. 9E) (31) . Reduction in the expression of cell junction genes in Grhl2-shRNA-infected cells could contribute to the different migration pattern of these cells.
Identification of Downstream Targets of GRHL2 in Lung Epithelial Cells-To identify additional downstream genes regulated by GRHL2 in lung epithelial cells, we performed cDNA microarray analyses in MLE15 cells infected with Grhl2-
shRNA and compared with a non-silencing control. Among the probe sets represented in the gene expression microarray, we found 286 down-regulated and 218 up-regulated genes in Grhl2-shRNA cells compared with control cells (p Ͻ 0.02; FDR adjusted p value Ͻ0.3, -fold change Ͼ1.25). Grhl2 knockdown leads to down-regulation of genes that could be direct or indirect targets of GRHL2 in lung epithelial cells. To explore the potential biological functions of the down-regulated genes in Grhl2 knockdown cells, annotations were derived from GO biological processes, and significant annotated functional groups were evaluated using GATHER (32) . Among the top functional groups of genes containing more than 10 genes and a Bayes factor Ͼ1 were "morphogenesis" and "lipid metabolism," both processes involved in organ development and in the regulation of cell shape (data not shown).
Among the genes involved in morphogenesis there were several semaphorins, a repulsion-attraction family of genes expressed in lung epithelium (33, 34) . This prompted us to further evaluate changes in expression within known families of cell-cell interaction genes. We determined that several members of the semaphorin family and their corresponding receptors as well as Notch and Ephrin genes were reduced when Grhl2 levels were lower ( Table 1) . Many of these genes are expressed in the lung epithelium in a pattern similar to Grhl2 at E14.5 (35) . B, ChIP-PCR analysis shows GRHL2 binding to the Nkx2-1 promoter in the embryonic lung. ChIP was performed with chromatin from E11.5 day lung buds immunoprecipitated with GRHL2-specific antibody or its isotype control. Immunoprecipitated and input DNA fragments were amplified using primers corresponding to Nkx2-1. C, a scheme of the Nkx2-1 gene depicting 5Ј regulatory regions, first and second exons (black boxes), and first intron (gray boxes). Numbers are relative to the second ATG (ϩ1). Pink (P1) and purple boxes (P2) represent probes used in EMSAs. Arrows indicate oligonucleotides used in ChIP-PCR analyses. D, EMSA analysis shows binding of MLE15 nuclear proteins to probe P1 (lane 1), competition with 100-fold unlabeled probe (lane 2), interference of complex formation using GRHL2 antibody (lane 3), and control with IgG. The asterisk marks the P1-protein complex. E, the Nkx2-1 promoter is activated in the presence of exogenous GRHL2. MLE15 cells were transfected with either empty luciferase plasmid (pGL3; 0-Luc-plasmid), Nkx2-1 promoter luciferase plasmids Ϫ0.35kbNkx2-1Luc or Ϫ2.1KbNkx2-1Luc, and cotransfected with CMV-Grhl2-UBC-Gfp or CMV-dsred-UBC-Gfp plasmids. Firefly luciferase was normalized to renilla luciferase levels (n ϭ 2-3). Data represent the mean Ϯ S.D. The asterisk indicates p Յ 0.05.
We validated by qRT-PCR arrays (Applied Biosystems) 13 of 20 genes selected from the microarray analysis (Fig. 10) . These included the cell-cell interaction genes Sema3b, Sema3c, and their receptor Nrp2, the cell fate specification gene Notch1, and the Kruppel-like factor 12 (Klf12). Sema3a, Plxnb1, and Plxnb2, although validated by qRT-PCR, are expressed in mesenchymal or subepithelial cells during lung development (34) .
DISCUSSION
We studied GRHL2-mediated gene regulation in the lung and explored the molecular mechanisms by which GRHL2 may regulate epithelial characteristics and differentiation of alveolar cells. We present evidence that GRHL2 directly regulates the key lung transcription factor Nkx2-1. Notably, Grhl2 and Nkx2-1 bind to each other's promoter in vivo, forming a positive feedback regulatory loop. Because Nkx2-1 is critical for distal lung cell differentiation and Grhl2 regulates cell morphogenesis, we propose that these two factors sustain each other's expression to maintain epithelial cell features during differentiation of distinct lung epithelial cell phenotypes.
Because of the larger expression domain of GRHL2 in the foregut endoderm at E9.5 and the overlapping patterns thereafter, we initially hypothesized that GRHL2 regulates Nkx2-1 expression. In vivo and in vitro experiments proved that GRHL2 binds to a particular region of the Nkx2-1 promoter and activates its transcriptional activity. Similarly, NKX2-1 protein binds to the first intron of the Grhl2 gene and regulates its expression. Although the identification of the particular ciselement in these regulatory regions will require further deletion and mutation analyses, the results presented indicate the presence of a regulatory loop connecting these transcription factors during mouse lung epithelial cell differentiation.
Positive transcriptional feedback loops have been described during pattern formation in development of several organisms such as zebrafish and mouse. These loops restrict transcriptional activity to give rise to different cell types in specific spatial and temporal domains or to reinforce initial cell fate decisions, providing robustness in gene expression to resist variations of external signals (36) . The factors involved in any positive feedback loop are not necessarily involved in initiation of their own expression (36) . In early Grhl2 ENU mutant lungs (16), the expression of Nkx2-1 is not altered, suggesting that the initial transcription does not depend on Grhl2 alone. Other members of the Grhl family present in the foregut endoderm, such as FIGURE 6. NKX2-1 binds to Grhl2 intronic regions and increases transcription. A, shown is the binding pattern of NKX2-1 protein to the Grhl2 intron identified in a global ChIP-on-chip analysis of NKX2-1 binding profiles in E11.5 mouse lung epithelium (23) . H and L identify the binding regions; H1, H2, and L1 identify the probes used in EMSAs. B, shown is qRT-PCR analysis of Nkx2-1, Grhl2, and Tert expression in MLE15 cells infected with Nkx2-1-shRNA or nonsilencing-shRNA. The data set was normalized against Gapdh (n ϭ 3). C, a representative ChIP-PCR analysis shows NKX2-1 binding to the Grhl2 intron. ChIP was performed with chromatin from E11.5 day lung bud immunoprecipitated with NKX2-1-specific antibody or its isotype control. Immunoprecipitated and input DNA fragments were amplified using primers corresponding to the Grhl2 intron. D, shown is a scheme of the Grhl2 gene depicting, first, and second exons (black boxes) and first intron (gray box). Grhl1 and/or Grhl3, or other transcription factors may initiate Nkx2-1 expression. Later in gestation, when Grhl2 is the only member of the Grhl family expressed at high levels in the distal lung epithelium, the effect of its specific loop may be more evident. The few viable E18.5 Grhl2 ENU mutant fetuses were reported to have smaller lungs and disorganized cell junctions (16) . It is possible that at E18.5, the absence of Grhl2 may affect expression levels or patterns of Nkx2-1 and result in altered epithelial cell fates, although this has not been evaluated. Nkx2-1 Ϫ/Ϫ mice, in contrast, have an abnormal lung with rudimentary main bronchi and an absence of peripheral lung structures (37, 38) . Despite the importance of Nkx2-1 in lung morphogenesis, there is limited information concerning the transcriptional regulation of Nkx2-1 (39 -41) or the restriction of its expression to lung bronchiolar or alveolar type II cells. These findings add Grhl2 as a new factor in the Nkx2-1 transcriptional network controlling lung development.
The alveolar epithelium includes cuboidal type II and flattened type I cells. These two types of epithelial cells with distinct morphological characteristics and functions lie adjoined to each other in the distal lung to form the alveoli. During lung development, any alteration in the differentiation of type I and type II epithelial cells may cause an aberrant alveolar morphol- ogy, which in turn may lead to respiratory failure at birth. Similarly, during lung injury, alterations in alveolar structure compromise the respiratory capacity and may lead to disease (42) . GRHL2 protein is co-expressed with NKX2-1 in alveolar type II cells. Conversely, flattened cells facing the alveolar lumen that have an elongated nucleus and are negative for NKX2-1-likely type I cells-are also negative for GRHL2. Our analysis of GRHL2 function in primary alveolar type II cells and lung cell lines showed that there is a link between GRHL2 expression and cell morphogenesis, migration, and gene expression. Changes in type II alveolar cell morphology, as they flatten in culture, is accompanied by a reduction in Grhl2 expression. This reduction could be a cause or a consequence of the changes in cell shape. To address this issue, we down-regulated the expression of Grhl2 in the lung epithelial cell line MLE15. Changes in the levels of expression of cell-cell interaction genes and differences in the pattern of collective cell migration of the epithelial layer indicate that Grhl2 down-regulation is a cause rather than a consequence of any of these changes. Importantly, changes in cell shape and migration in MLE15 cells reflects mostly the effect of Grhl2 in those processes, as these cells do not express detectable levels of Grhl1 or Grhl3. In contrast, in the E18.5 Grhl2 ENU or null mutant models, the presence of Grhl1 or Grhl3 in lung epithelium in early development may compensate for the lack of Grhl2, masking the effects of individual members of this family of transcription factors. Nevertheless, the lung phenotype of the few Grhl2 ENU mutant mice that survived to E18.5 supports the hypothesis that Grhl2 participates in lung epithelial cell differentiation. Due to the lethality of homozygous Grhl2 mutations in mice, the ultimate role of Grhl2 in alveolar sac morphogenesis will need to be evaluated in vivo by conditional ablation of Grhl2 expression in type II cells. These experiments are beyond the scope of the present report but will allow the validation of the functional role of Grhl2 in vivo.
GRHL2 directly regulates transcription of Cdh1 in lung bud epithelium. NKX2-1 also regulates Cdh1 expression in a human adenocarcinoma cell line (43) , although this regulation could be direct or indirect. Our finding that Nkx2-1 forms a feed-forward regulatory loop with Grhl2 supports an indirect link between Nkx2-1 and Cdh1 in the lung epithelial layer as it differentiates into distinct cell types to form a functional respiratory tree. Indeed, Grhl2 and Nkx2-1 are among the top 25 candidate genes identified in a microarray analysis of genes involved in EMT through regulation of Cdh1 (44) . The maintenance of the regulatory loop between Grhl2 and Nkx2-1 would thus be expected to favor an epithelial phenotype by preventing the differentiation of epithelial cells into mesenchymal cells, such as myofibroblasts, in fibrotic lung diseases.
Grhl2 knockdown affects cell migration after scratchwounding in culture as well as the expression of Tert in lung epithelial MLE15 cells. This evidence together with the reported regulation of RhoGEF19 by GRHL2 (7), the impaired injury/repair process in the cochlea in a family segregating DFNA28, the progressive hearing loss associated with a GRHL2 mutation (45) , and the down-regulation of Grhl2 observed in microarray analyses of hyperoxia injured lung (GEO GDS248 hyperoxic lung injury) suggest that Grhl2 plays an important role in the lung injury/repair process. Grhls also regulate proliferation of some human carcinoma cell lines (46) . Tert, a gene regulated by GRHL2 (47, 48) in humans, is crucial in lung morphogenesis during development (49) as well as in injury/repair in mice and humans (50) . These data and the co-localization reported for Tert in type II cells lead us to infer that GRHL2 may also regulate Tert in mouse lung alveolar cells. Genetic mutations in hTERT within human families predispose them to idiopathic pulmonary fibrosis (51-53), pointing to a potential role of GRHL2 in lung fibrosis through regulation of Tert and possibly other lung epithelial genes. Microarray analyses revealed novel genes regulated by GRHL2 in lung epithelial cells. Expression of several members of the semaphorin family and their corresponding receptors were reduced when Grhl2 levels were down-regulated. Although the regulation of these genes by Grhl2 could be direct or indirect, the change in expression of attraction-repulsion genes further supports the role of Grhl2 in balancing collective epithelial cell movements and differentiation. As Grhl2, semaphorins are also important for the development of different organs, neural cell migration (16, 54) , angiogenesis, tumorigenesis, and the immune response (34, 55) . Previous analysis of the role of semaphorins in lung development suggested that semaphorins may control branching morphogenesis and promote epithelial proliferation (33, 34) . Therefore, we propose that through regulation of these genes, Grhl2 contributes to lung organogenesis.
Notably, we also showed that Grhl2 regulates expression of Klf12, a Kruppel-like transcription factor that directly represses expression of the helix-loop-helix transcription factor AP-2␣ (56) . AP-2␣, in turn, directly regulates expression of Cdh1 (57). Although both GRHL2 and AP-2␣ are positive regulators of Cdh1, experiments in Grhl2 or AP-2␣ mutant embryos indicated that these factors do not regulate each other's expression in neural tissues (16) . Our findings suggest that Grhl2 can directly activate Cdh1 expression or inhibit Cdh1 expression by activating Klf12; these are potential mechanisms for fine-tuning Cdh1 expression levels to allow simultaneous epithelial layer migration and cell differentiation. Down-regulation of Grhl2 in MLE15 cells also caused reduced expression of genes such as Nkx2-1, Sftpb, and surfactant protein D (Sftpd) and increased the expression of a tracheal/bronchial gene secretoglobin 3a1 (Sctgb3a1) (58), suggesting a role for GRHL2 in proximal-distal cell differentiation in lung development. The early lethality of Grhl2 null mutant embryos limits further in vivo lung analyses.
The Grhl2-Nkx2-1-positive feedback loop, the cell-cell interaction genes regulated by GRHL2, and the Nkx2-1 direct targets that we recently identified in lung development (23) expand the knowledge about the regulatory networks in distal lung epithelium. The Grhl2-Nkx2-1 loop may be conserved in lung development and disease similarly to the conservation of Nkx2-1 regulatory patterns in development and tumors (23) . Nkx2-1 haploinsufficiency in humans results in abnormal airway and alveolar morphogenesis (59) . In lung tumors, Nkx2-1 controls cell differentiation and limits metastatic potential (60, 61) . It is possible that through the Grhl2-Nkx2-1-positive feedback, loop Nkx2-1 regulates Cdh1 and other cell-cell interaction genes controlling cell metastatic potential.
In summary, we identified novel cell-cell interaction genes regulated by Grhl2 that are known to participate in lung morphogenesis and cell differentiation. Most importantly, we identified a positive transcriptional feedback loop between Grhl2 and Nkx2-1 that mutually and positively affects their expression levels (Fig. 11) . We, therefore, propose that the Grhl2-Nkx2-1-positive feedback loop serves to reinforce distal lung epithelial gene expression, epithelial layer integrity, and maintenance of particular epithelial cell fates.
